In this research, a sensitive and selective method for detecting one of the most toxic insecticides, "carbofuran", in rice and soybean is presented. This method is based on the coupling reaction of diazonium ion combined with a surface-enhanced Raman scattering technique. Diazonium ion produced from p-aminothiophenol reacts specifically with carbofuran phenol from the hydrolysis of carbofuran. The generated azo compounds attach to the surface of silver nanoparticles via the Ag-S bond. Therefore, a strong Raman intensity can be obtained. The concentration of carbofuran can be determined by following the intensity of the peak at 1201 cm -1 , attributed to the C-N stretching vibration of the azo compound. The result shows a good linear correlation (R 2 = 0.9786) against carbofuran concentrations (0.1 -5 ppm) with a detection limit of 0.452 ppm. Our proposed protocol is insignificantly influenced by various common interferences. Moreover, this method has been successfully validated to determine carbofuran concentrations in rice and soybean with detection limits of 0.446 and 0.520 ppm, respectively.
Introduction
As one of the most common staple foods, rice has been consumed by the world's human population, especially in Asia. In comparison with other plants, soybean is relatively high in protein, fiber, minerals, and vitamins. Essentially, it is a nutrient-dense food for vegetarians. Hence, rice and soybean are widely cultivated across the world. To improve the agricultural productivity of rice and soybean, they are intensively adulterated with chemicals, particularly carbofuran. Carbofuran is one of the most toxic carbamate insecticides, which has been successfully developed to be a cholinesterase inhibitor in the nervous system similar to organophosphate. However, it differs from organophosphate compounds, regarding its brief inhibitory effect. [1] [2] [3] In the natural degradation process of carbofuran, the half-life of carbofuran is approximately 26 -368 days, depending on the temperature, soil pH, moisture, microbial population, and clay content. [4] [5] [6] Therefore, a large quantity of carbofuran residues contaminating in the environment and the crops exceed the maximum residue limit (MRL) of the agricultural standard by around 2 -5 times. Because of its immediate and high toxic activity, 7 many health and food organizations are also urgently concerned with carbofuran residues. In order to thoroughly control a large quantity of its contamination, 8 a highly selective and sensitive method for carbofuran detection is necessary to be developed for practical analysis.
Several conventional methods have been employed to analyze carbofuran e.g., liquid chromatography with mass spectrometry (LC-MS), gas chromatography with mass spectrometry (GC-MS), and biosensors. [9] [10] [11] [12] [13] Nevertheless, these highly sensitive techniques depend upon complex operations, intricate sample preparation, and long analysis time. For instance, Cai et al.
14 developed a sensitive amperometric acetylcholine (AChE) biosensor immobilized on a glassy carbon electrode for the detection of pesticide residues by the inhibition of AChE activity. Li et al. 12 employed GC-MS to analyze the amount of organophosphate insecticides in surface water. Kawamoto and Makihata 15 developed a simultaneous carbofuran analysis by GC-MS with temperature-programmable inlet on-column injection. However, a selective and sensitive method with a simple protocol and short operation time is still required and challenging for practical applications.
The surface-enhanced Raman scattering (SERS) technique is an ultrasensitive vibrational spectroscopy using an electromagnetic enhancement of metal nanoparticles (MNPs), called "localized surface plasmon resonance (LSPR)", to enhance the Raman intensity of molecules at the level of 10 2 -10 14 times. processes. [16] [17] [18] [19] Currently, various types of pesticide residues can be analyzed because of the high adsorption affinity of target molecules on metallic nanostructures. For example, Vongsvivut et al. 20 offered the application of the SERS technique for the trace detection of fonofos pesticide adsorbed on silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs). Tang et al. 21 applied SERS to develop a sensitive and practical protocol for the analysis of the tricyclazole content in paddy rice. Zhang et al. 22 created a self-assembled protocol to fabricate a AgNPs monolayer film as a SERS substrate for methyl-parathion detection. With many limitations of conventional methods, the SERS technique is a possible alternative for on-site pesticide analysis.
The diazotization-coupling reaction is a reaction between diazonium ions and electron-rich aromatic compounds, such as anilines or phenols. This reaction generates aryl azo compounds that have a good Raman activity. Due to a specificity of diazonium ions to aniline/phenolic groups, this reaction was combined with SERS to achieve highly sensitive detection with high specificity. The azo coupling reaction-based SERS was employed to detect nitrite, 23, 24 toxic anilines and phenols, 25 thrombin 26 and phenolic estrogen 27 in previous studies. In this research, the selective and sensitive detection method of carbofuran in rice and soybean was designed based on the coupling reaction of the aryl diazonium ion combined with the SERS technique. First of all, carbofuran is converted to carbofuran phenol, which reacts specifically with a diazonium ion to produce the azo compound. For the SERS measurement, AgNPs are used as a SERS substrate to enhance the Raman signal of the carbofuran-derived azo compound. To determine the concentration of carbofuran, the peak at 1201 cm -1 , which is assigned to C-N stretching and CCN (phenyl-N) in-plane bending vibrations of the azo compound, is considered. Furthermore, our carbofuran analysis is not significantly influenced by common interfering substances in agricultural products.
Experimental

Reagents and chemicals
Silver nitrate (AgNO3), tri-sodium citrate (Na3C6H5O7), potassium hydroxide (KOH), and sodium nitrite (NaNO2) were purchased from Carlo Erba reagents S.A.S. Carbofuran and p-aminothiophenol (p-ATP) were purchased from Sigma-Aldrich Co. LLC. Hydrochloric acid (HCl) and ethanol were purchased from Merck Sharp & Dohme Corp. Ethanol was used to dissolve carbofuran, KOH, and p-ATP, while the other chemicals were dissolved in deionized (DI) water. All chemicals were of analytical reagent grade and used without prior purification.
Synthesis of AgNPs
As the conventional procedure, 28 AgNPs were prepared by the reduction of AgNO3 (1 mM, 200 mL) with Na3C6H5O7 (1%, 4 mL). The solution of AgNO3 was heated up to its boiling point for 5 min. Next, the solution of Na3C6H5O7 was added to the boiled AgNO3 solution under vigorous stirring. The mixture was kept boiling and stirring energetically for 30 min. A milky brown colloid of AgNPs was obtained. The plasmonic extinction spectrum of the synthesized AgNPs was acquired using an Ocean Optics USB4000 fiber optic spectrometer coupled with a DH-2000 deuterium light source from Mikropack. The in-plane dipole plasmon resonance band of AgNPs could be observed at imprecisely 450 nm, which indicates an average size of approximately 50 nm.
Alkali-catalyzed hydrolysis of carbofuran
A stock solution of 1000 ppm carbofuran was prepared by dissolving 250 mg of carbofuran in 250 mL ethanol. The stock solution was diluted in the presence of 0.2 M KOH to obtain various concentrations of carbofuran (0.1 -1000 ppm). Then, the solution was incubated at 50 C for 3 h to allow for the hydrolysis of carbofuran before keeping it as a stock solution for further investigation.
Diazo-coupling reaction
Diazonium ion was produced by adding 5% NaNO2 into a solution of p-ATP (1 mM) in 0.1 M HCl (1:1, v/v) at 0 C for 1 min. The diazo-coupling reaction was attained by mixing this solution with a prior alkaline solution of carbofuran phenol using the ratio of 1:1 (v/v) at 0 C for 1 min. To remove any excess dizaonium ions, the mixture was kept in a hot water-bath at 50 C for 15 min.
SERS measurement
After the diazo-coupling reaction, each sample was combined together with silver colloid (1:1, v/v) for 5 min. Then, the mixture was dropped on an aluminum plate. All SERS spectra were collected using a DXR Raman microscope (Thermo Scientific) with a 780-nm excitation laser of 14 mW laser power. The experiments were operated under a 10×-objective lens with a laser spot of 3.1 μm. SERS spectra were obtained using a 2-s exposure time with 8 accumulations. All spectra were presented without any spectral correction.
Effect of interfering substances
To study the effect of interfering substances on the measurement of the carbofuran concentration, solutions of 5 ppm carbofuran in 0.2 M KOH and 1 mM interferences i.e., acetic acid, ascorbic acid, formic acid, fructose, glucose, lactose, maltose, NaCl, and table sugar, were separately prepared to be used in an alkali-catalyzed hydrolysis step. These solutions were then employed in the diazo-coupling reaction and the SERS measurement, respectively.
Method validation of carbofuran analysis in rice and soybean
To validate this method for rice and soybean samples, 0.05 -2.5 mL of 10 ppm carbofuran in ethanol was spiked into 5 g of each sample, and then was dried under an ambient condition. The amounts of carbofuran on the sample surface were entirely extracted by 5 mL of ethanol. The solution of carbofuran residues from each sample was exactly processed in the proposed analytical procedure.
Results and Discussion
Deposition of carbofuran-derived azo compound
Firstly, citrate-reduced AgNPs were mixed with canbofuran directly. It was found that there is no difference in the SERS spectra between AgNPs with and without carbofuran, as shown in Fig. 1 . This is due to the low chemical affinity and steric hindrance of carbofuran, which caused carbofuran to not adsorb on the surface of the citrate-reduced AgNPs, 29, 30 and then the SERS signal from carbofuran to not be observed. Therefore, the surface modification of AgNPs is necessary. The specific diazocoupling of diazonium ion with a thiol group is a possible alternative reaction to link between carbofuran and the surface of AgNPs. 31, 32 As shown in Fig. 2 , the diazonium ion (-N + ≡N) with a thiol group is produced from the amino group (-NH2) of p-ATP. For the diazo-coupling reaction, the diazonium ion reacts immediately with carbofuran phenol, which is generated from the alkaline hydrolysis of carbofuran. Then, an orange solution of aryl azo compound can be obtained. In the part of SERS, the carbofuran-derived azo molecule with a thiol group can exactly attach onto the surface of AgNPs via the Ag-S bond. Figure 3 shows the UV-visible spectra of each component in the coupling reaction and the SERS measurement. The solution of the diazonium ion shows no absorption band in the UV-visible region. Regarding the combination of the diazonium ion and carbofuran phenol, the characteristic absorption band of the azo compound at 480 nm is conclusively observed. This refers to the charge-transfer character in the phenyl ring combined with the electronic transition of π→π* in -N=N-, which indicates the formation of the carbofuran-derived azo compound. When AgNPs were mixed together with diazonium ion and carbofuran phenol, the UV-visible spectrum showed a broad band at 480 nm. This band was red-shifted from that of AgNPs, and also broader than that of the azo compound. A change in this band connects with a change in the frequency of electron oscillation on the AgNPs surface. This implies that the electron oscillation on the surface of AgNPs is interfered, and the azo compound is deposited on the AgNPs surface. Figure 4 shows the SERS spectra of AgNPs with the diazonium ion and the carbofuran-derived azo compound. Without carbofuran phenol in the diazo-coupling reaction, the typical peak of the -N + ≡N group in the region of 2300 -2130 cm cannot be observed due to the natural decomposition of at temperatures above 5 C. 35 It firmly loses N2, and then creates the -OH group. Futhermore, the peaks at 1590, 1571, 1429, 1387, 1327, and 1021 cm -1 represent the typical band of C-C stretching, C-H and O-H bending, C=CH bending, and a =C-H in-plane deformation from phenol, respectively. All band assignments are summarized in Table 1 . This result suggests that the product of the diazonium ion decomposition is p-mercaptophenol. With 100 ppm carbofuran phenol, the SERS spectrum with a high Raman intensity was acquired. According to the great attachment of the azo compound in the hot spot, a strong SERS signal of C-S stretching vibration at 1075 cm -1 could be observed. The peaks at 1333 and 1379 cm -1 are slightly different from those of p-mercaptophenol due to the different molecular environment of the phenyl ring. Also, the characteristic peaks of the azo compound at 1410 and 1201 cm -1 are obviously noticed, which are assigned to -N=N-stretching and C-N stretching, CCN (phenyl-N) in-plane bending, C-H and O-H bending, C-C stretching from the phenol group, respectively (Table 1 ). These observations confirm the chemical adsorption and the formation of the carbofuran-derived azo compound molecules on the AgNPs surface. For the SERS technique, the efficiency of adsorption in a high electric field (hot spot) critically affects the sensitivity and the SERS signal. In this procedure, the prepared azo compound attaches favorably to the surface of citrate-reduced AgNPs, and promotes its high SERS intensity. To estimate the SERS enhancement factor (EF), the equation of
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is considered, 36 where Cnorm and CSERS are the concentration of carbofuran used in the normal Raman and SERS measurements, respectively. ISERS and Inorm are the intensity of the peak at 1201 cm -1 from SERS and normal Raman, respectively. The EF was calculated to be 2.7 × 10 4 . This suggests that the area of the SERS signal is, at least, 4 orders of magnitude higher than that of the normal Raman peak.
The analytical efficiency of this propositional method was investigated using various concentrations of carbofuran. Figure 5 illustrates the SERS spectra of the azo compound derived from 0 -1000 ppm carbofuran. The Raman intensities decrease with a decrease in the concentration of carbofuran. Exceptionally, the SERS signal from 0 ppm carbofuran was observed according to the chemical decomposition of the diazonium ion. From the characteristic peak assignment of the azo molecule (Table 1) , the peak at 1201 cm -1 mainly represents C-N stretching, CCN (phenyl-N), and the C-C stretching in phenol group. To examine the concentration of carbofuran, the ratios of the peak area at 1201 and 1075 cm -1 (A1201/A1075) were plotted against the concentration of carbofuran, as shown in Fig. 6a . The peak at 1075 cm -1 , which constitutes C-S stretching vibration from molecules bonded to the AgNPs surface, is chosen as a reference peak because it is not directly related to the formation of the carbofuran-derived azo compound. The correlation between A1201/A1075 and the carbofuran concentration is linear in the range of the carbofuran concentration from 0.1 to 5 ppm (Fig. 6b) . The plot can be fitted by a linear equation, A1201/A1075 = 0.0131C + 0.0086, where C is the concentration of carbofuran (ppm) with R 2 = 0.9786. The limit of detection (LOD) of this proposed protocol can be calculated as 0.452 ppm.
Effect of interfering substances
In the real samples of rice and soybean, they would contain many unknown chemicals, which possibly disturb the measurements. Therefore, the effect of possible interferences on a practical analysis protocol must be rigorously contemplated. Nine interfering substances i.e., acetic acid, ascorbic acid, formic acid, fructose, glucose, lactose, maltose, NaCl, and table sugar, were considered in this work because they are generally found in many fruits and vegetables. Figure 7 presents A1201/A1075 obtained from 5 ppm carbofuran in the presence of various interfering substances. Without interfering substances, the peak area ratio is 0.0729 with a standard deviation of 0.0076. Interestingly, the ratios from samples with interfering substances are in the range of 0.0658 -0.0727 and the standard deviations are in the range of 0.0045 -0.0144. There is no significant difference between the samples with and without interfering substances. As a consequence, it clearly demonstrates that these interferences do not interfere in our designed carbofuran analysis protocol. Method validation of carbofuran analysis in rice and soybean samples For practical applications, an investigation of the effectiveness of our developed procedure is obviously required. Carbofuran was equivalently spiked into 1 kg of rice and soybean samples with amounts of 1 and 5 mg. Then, carbofuran on real samples was extracted from 5 g of samples using 5 mL of ethanol. The contents of the recovered carbofuran were determined using the linear equation from Fig. 6b . The recovery percentages were calculated in order to examine the accuracy of our protocol, as shown in Fig. 8 . It shows that the recovery percentages are approximately 100%. Therefore, most of the carbofuran added in real samples can be detected using our protocol. Figure 9 presents plots between A1201/A1075 and the concentration of carbofuran in solutions extracted from rice and soybean. In both cases, the plots show a good linear correlation with R 2 > 0.990 in the range of 0.1 -5 ppm. The detection limits using this protocol were 0.446 and 0.520 ppm for rice and soybean, respectively. Compared to the LOD of the standard solution (0.452 ppm), they show that the sample matrix of agricultural products has no effect on the measurement of carbofuran by our technique.
Conclusions
We succeeded to develop a facile, sensitive and selective detection method of carbofuran residues in rice and soybean using the combination of the diazo-coupling reaction and the SERS technique. Due to an electric-field enhancement of AgNPs, a good detection limit of 0.452 ppm with R 2 = 0.9786 was obtained for the standard solution. The coupling reaction also helps to improve the selectivity of this method. Even though the measurements were performed in common agricultural interferences i.e., acetic acid, ascorbic acid, formic acid, fructose, glucose, lactose, maltose, NaCl, and table sugar, the concentration of carbofuran was still determined precisely. Finally, carbofuran residues in the real samples of rice and soybean were successfully examined with detection limits of 0.446 and 0.520 pm, respectively, and R 2 > 0.990. Our proposed method provides the advantages of a short analysis time, a good detection limit, no seperation/chromatographic process, and no requirement for a complex instrument. In addition, the avialability of a portable Raman spectrometer offers a potential possibility to use this protocol for on-site measurements of carbofuran.
